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Aside from cinematographic and television techniques, the study of bacterial movement is notorious for its paucity of readily available, simple, reproducible methods (1) . As a consequence, results of work on bacterial motile behavior are reported in vague subjective terms such as "fast," "somewhat slow," "erratic," and the like, which convey scant information concerning the events observed. It is probable that lack of interest in this area of bacteriology is due in large measure to the poorly developed state of relevant techniques. Accordingly, the work described here represents an attempt to rectify this situation by dealing with the problem quantitatively.
MATERIALS AND METHODS
Cultures. The following bacteria were used: Escherichia coli (ATCC 13070), peritrichous flagella; Pseudomonas aeruginosa (University of Maryland collection), single polar monotrichous flagellum; Bacillus licheniformis (9945-A), peritrichous flagella, from F. J. Tyeryar; Sarcina ureae (ATCC 13881), peritrichous flagella; Thiospirillum jenense and Chromatium okenii, lophotrichous flagella, both from R. L. Gherna. The latter two organisms were cultured and observed in a synthetic medium specifically developed for large photosynthetic purple sulfur bacteria by Pfennig and Lippert (4) . The other bacteria were grown in 5-ml amounts of Trypticase Soy Broth (BBL) in screw-top tubes (18 by 125 mm) for 18 hr at 30 C on an oscillating shaker (Lab-Line Instruments, Melrose Park, Ill.). Quantities of these cultures (0.1 ml) were transferred to 5-ml amounts of fresh broth; after 1 hr of incubation at 30 C, their motility tracks were studied. One drop (ca. 0.05 ml) of culture was placed on a glass slide (0.96 to 1.06 mm thickness) and immediately covered with a cover slip (0.13 to 0.16 mm thickness); 1 min was then allowed for equilibration at 20 C before photography was started.
The cultures were not sealed under the cover slip and, over the period of observation (generally less than 5 min), no diminution of motile activity was noted. Velocity calculation. A planometer (American Map Co., New York, N.Y.) calibrated in millimeters was used to measure the maximum lengths of the photographically produced motility tracks. The velocity, expressed in micrometers/sec, was calculated from the formula: V = (L X E)/T; where V (velocity in micrometers/sec) = L (measured length in millimeters of the photographically produced track) X E (micrometer equivalent per millimeter as calculated from the enlargement) * . T (time of exposure in seconds). For example, if 1 mm on the photograph is equal to 10 um (final magnification on film, 10OX), and a motility track of 10 mm is measured for a 10-sec exposure time, calculated velocity would be 10 Am/sec. If one sets the final magnification at lOX and the exposure time at 10 sec, the velocity may be read directly from the planometer by multiplying the track distance in millimeters by 10 and expressing this as micrometers/ sec. In all cases, the enlarged length (in millimeters) of the organism is subtracted from the total track length prior to calculation of velocity. The mean velocity, as used in this paper, was calculated from the average of the five longest tracks found in a given photograph. It is not, therefore, the mean of all velocities observed, but the mean of the maximum velocities observed. 584 
RESULTS AND DISCUSSION
Motility tracks result from photographic overexposure of moving bacteria, whereby characteristic movements of the individual bacteria are depicted and permanently preserved without recourse to subjective or descriptive terminology. Motility tracks of the bacteria studied are shown in Fig. 1-8 . The calculated velocities and other data are presented in Table 1 .
The measurement of bacterial velocities began with the work of Gabricevskij (2) and, thereafter, reports appeared in the literature at irregular intervals. It is apparent from published results that variations in cultural conditions, i.e., temperature, pH, osmotic pressure, and nutritional level, may affect motility both qualitatively and quantitatively. Our results show graphically that individual organisms of a given culture vary in speed of locomotion. This, of course, has been known to be the case, but only in a qualitative way. We believe that the motility track technique represents a significant advance in that a precise quantitative statement may be made concerning observed variations. Elimination of hand-operated stop-watches, as used by Ogiuti (3) Quantitative information derived from motility track studies will be useful in experiments on chemical and physical interference with the motility process (5) . Figure 8 shows motility tracks of P. aeruginosa suspended in5 % (w/v) polyvinylpyrrolidone (type NP-K90, mol wt 300,000, Antara Chemical Co., New York, N.Y.). Comparison of the mean velocity of organisms in this preparation shows that it has been reduced to 10% of the control. In an experiment in which P. aeruginosa was suspended in 97.9% D20 (New England Nuclear Corp., Boston, Mass.), the mean velocity after 30 min was only 17% of the control (Fig. 7 and Table 1 ).
The motility track technique may also be of value in studies of chemotaxis in bacteria. Responses of individual organisms in time and space may be shown on a single photograph (Fig. 1) If not, and if parallel tracks of equal lengths are observed throughout the field, one may assume drifting has occurred. The organisms must not be so obligately aerobic that they cease moving almost immediately when placed under the cover slip. In any event, the motility tracks may be photographed after a 1-min equilibration period has elapsed, so oxygenation will not often be a critical factor. A thermal filter should be used when illumination and heat production is great, as with a 250-w lamp, or if a long period of observation of a single preparation is contemplated.
The motility track method is probably amenable to further refinements, for example, by use of stroboscopic or laser illumination, and work on these techniques is in progress.
